Manganese superoxide dismutase is an essential component of the mitochondrial antioxidant defense system of most eukaryotes. In the present study, we used a reverse-genetics approach to assess the contribution of the Cryptococcus neoformans manganese superoxide dismutase (Sod2) for antioxidant defense. Strains with mutations in the SOD2 gene exhibited increased susceptibility to oxidative stress as well as poor growth at elevated temperatures compared to isogenic wild-type strains. The sod2⌬ mutants were also avirulent in a murine model of inhaled cryptococcosis. Reconstitution of a sod2⌬ mutant restored Sod2 activity, eliminated the oxidative stress and temperature-sensitive (ts) phenotypes, and complemented the virulence phenotype. Characterization of the ts phenotype revealed a dependency between Sod2 antioxidant activity and the ability of C. neoformans cells to adapt to growth at elevated temperatures. The ts phenotype could be suppressed by the addition of either ascorbic acid (10 mM) or Mn salen (200 M) at 30°C, but not at 37°C. Furthermore, sod2⌬ mutant cells that were incubated for 24 h at 37°C under anaerobic, but not aerobic, conditions were viable when shifted to the permissive conditions of 25°C in the presence of air. These data suggest that the C. neoformans Sod2 is a major component of the antioxidant defense system in this human fungal pathogen and that adaptation to growth at elevated temperatures is also dependent on Sod2 activity.
Manganese superoxide dismutase is an essential component of the mitochondrial antioxidant defense system of most eukaryotes. In the present study, we used a reverse-genetics approach to assess the contribution of the Cryptococcus neoformans manganese superoxide dismutase (Sod2) for antioxidant defense. Strains with mutations in the SOD2 gene exhibited increased susceptibility to oxidative stress as well as poor growth at elevated temperatures compared to isogenic wild-type strains. The sod2⌬ mutants were also avirulent in a murine model of inhaled cryptococcosis. Reconstitution of a sod2⌬ mutant restored Sod2 activity, eliminated the oxidative stress and temperature-sensitive (ts) phenotypes, and complemented the virulence phenotype. Characterization of the ts phenotype revealed a dependency between Sod2 antioxidant activity and the ability of C. neoformans cells to adapt to growth at elevated temperatures. The ts phenotype could be suppressed by the addition of either ascorbic acid (10 mM) or Mn salen (200 M) at 30°C, but not at 37°C. Furthermore, sod2⌬ mutant cells that were incubated for 24 h at 37°C under anaerobic, but not aerobic, conditions were viable when shifted to the permissive conditions of 25°C in the presence of air. These data suggest that the C. neoformans Sod2 is a major component of the antioxidant defense system in this human fungal pathogen and that adaptation to growth at elevated temperatures is also dependent on Sod2 activity.
Eukaryotic cells possess several specialized enzymes that provide protection against reactive oxygen species produced as a by-product of physiologic metabolic processes (46) . The mitochondria are an especially important source of endogenous reactive oxygen species in the cell. Under physiological conditions, a fraction of the oxygen consumed by the mitochondria is incompletely reduced, resulting in the formation of superoxide radical (9) . Although superoxide radical can undergo spontaneous degradation, mitochondria depend on a manganese-containing superoxide dismutase (Sod2) to catalyze the rapid conversion of superoxide radical to hydrogen peroxide and oxygen (15) . Loss of this enzyme activity has profound consequences for the viability of many organisms. For example, mice with a homozygous SOD2 disruption exhibited heart and liver defects, metabolic acidosis, and early neonatal death (23, 24) . Drosophila melanogaster SOD2 mutants exhibited increased sensitivity to oxidative stress and early onset death in young adults (21) , and Saccharomyces cerevisiae SOD2 mutants exhibited a rapid loss of viability in the early stationary phase (25) . These studies demonstrate a conserved and essential function for Sod2 as a component of the mitochondrial antioxidant defense system of many phylogenetically diverse organisms.
Cryptococcus neoformans is an opportunistic human pathogen. Most cases of C. neoformans disease involve immunocompromised patients, such as those with human immunodeficiency virus infection or receiving corticosteroid therapy. In these patients, C. neoformans can disseminate from the lungs to other organs, with the most common and serious complications arising as a result of meningoencephalitis. In immunocompetent individuals, host defense against infection by C. neoformans is mediated via the mobilization of a cellular immune response, which is largely dependent on the activation of alveolar macrophages (13) . Several studies have reported a correlation between resistance to oxidative stress in vitro and the virulence potentials of C. neoformans strains (1, 11, 26, 45) , suggesting that C. neoformans must possess a strong antioxidant defense system, which provides some measure of protection against oxygen-dependent host defense mechanisms. However, little is known about the specific role and relative impact of the various constituents of the C. neoformans antioxidant defense system for resistance against oxidative stress and the capacity for virulence.
In the present study, we used a reverse-genetics approach to assess the contribution of the Cryptococcus neoformans var. grubii manganese superoxide dismutase (Sod2) to antioxidant defense. The rationale for studying the C. neoformans var. grubii strain in particular was that these strains account for approximately 95% of all clinical cases of cryptococcosis. We demonstrate in this study that Sod2 is a critical component of the C. neoformans antioxidant defense system and that loss of Sod2 function has deleterious consequences for cell viability. In addition, we provide the first demonstration of a mechanistic relationship between the antioxidant activity of Sod2 and the ability of C. neoformans to adapt to growth at elevated temperatures.
MATERIALS AND METHODS
Strains and media. C. neoformans var. grubii strains H99 (wild type, serotype A, mating type alpha) and H99R were revived from 15% glycerol stocks stored at Ϫ80°C. H99R is a spontaneous ura5 auxotroph isolated by plating strain H99 on 5-fluoroorotic acid agar as described previously (22) . The sod2⌬::URA5 transformants were selected on uracil-deficient medium and maintained on yeast extract-peptone-dextrose (YPD; 1% yeast extract, 2% peptone, and 2% dextrose) agar. The sod2⌬ SOD2-nat reconstituted strains were selected on YPD medium containing nourseothricin (100 g/ml) and maintained on YPD agar. Prior to use in mouse studies, yeast strains were incubated in shaken YPD broth for 18 to 20 h at 25°C, harvested, washed three times with sterile phosphatebuffered saline, and counted with a hemocytometer to determine cell concentrations. The inoculum size for all mouse experiments was confirmed by plating dilutions on YPD agar plates and counting CFU. L-Dopa agar (44) , YNB agar (37), uridine-deficient agar (22) , and Christensen's broth (29) were prepared as described previously. Capsule formation was assessed by India ink staining. Melanin production was assessed by growing cells on L-dopa agar, as described previously (44) .
Identification of SOD2. The amino acid sequence of the S. cerevisiae manganese superoxide dismutase (GenBank accession no. YHR008C) was used to query the C. neoformans H99 genome sequencing project database (Duke Center for Genome Technology, http://cgt.genetics.duke.edu/). TBLASTN analysis revealed the presence of a single C. neoformans SOD2 homolog in the genome. The C. neoformans SOD2 homolog was used to query The Institute for Genomic Research C. neoformans database (http://tigrblast.tigr.org) and the University of Oklahoma C. neoformans cDNA sequencing project database (http://www .genome.ou.edu) to identify SOD2 cDNA sequences. Spidey, which is an mRNAto-genomic DNA alignment program (National Center for Biotechnology Information, http://www.ncbi.nlm.nih.gov), was used to identify SOD2 intron-exon boundaries. The SOD2 genomic DNA sequence and SOD2 cDNA sequences were used as input.
Construction of the sod2⌬ strain. PCR overlap was performed to generate the sod⌬::URA5 deletion construct, as described by Davidson et al. (12) . The left and right arms of the deletion construct were amplified with the primer pairs sgSOD2OL-1 and sgSOD2OL-2 and sgSOD2OL-3 and sgSOD2OL-4, respectively ( Table 1 ). The URA5 selectable marker was amplified with the primer pair sgSOD2OL-5 and sgSOD2OL-6 ( Table 1 ). The sod2⌬::URA5 deletion construct was amplified with primers sgSOD2OL-1 and sgSOD2OL-4 and gel purified by using the QIAquick gel extraction kit (QIAGEN, Valencia, Calif.), and DNA was concentrated by speed-vac (Savant DNA 110). Biolistic transformation of the ura5 auxotrophic strain H99R was performed by using a Bio-Rad biolistic particle delivery system, as described by Toffaletti et al. (42) . Transformants were selected on uridine-dropout medium incubated at 25°C, and colony PCR was performed to identify sod2⌬::URA5 mutant strains with the primer pair sgSOD2 P-5Ј and sgSOD2 P-3Ј. Selection at 25°C was performed because initial attempts to identify sod2⌬ mutants under selection at 30°C were only partially successful. Deletion of SOD2 was confirmed by Southern blot analysis, and one sod2⌬::URA5 mutant strain was randomly chosen for further analysis. PCR overlap was performed to generate the reconstitution construct SOD2-nat. The SOD2 fragment of the overlap construct was generated with primers sgSOD2(rc)-OL1 and sgSOD2(rc)-OL2, and the nourseothricin (nat) selectable marker was amplified from plasmid pAI1 (18) using the primer pair sgSOD2(rc)-OL3 and sgSOD2(rc)-OL4. The SOD2-nat reconstitution construct was amplified with primers sgSOD2(rc)-OL1 and sgSOD2(rc)-OL4 and gel purified by using the QIAquick gel extraction kit (QIAGEN), and DNA was concentrated by speed-vac (Savant DNA 110). Biolistic transformation of the sod2⌬::URA5 strain was performed as described above. Following transformation, cells were grown on YPD medium supplemented with 1 M sorbitol for 2 to 4 h and then transferred to YPD medium containing nourseothricin (100 g/ml). Plates were incubated at 30°C and monitored for 4 to 5 days. Transformants were randomly chosen and screened by colony PCR to identify reconstituted strains. The presence of SOD2 in the genome was confirmed by Southern blot analysis, and one reconstituted strain was randomly chosen for phenotypic analysis.
Southern blot analysis. Genomic DNA was isolated from strains sod2⌬, sod2⌬ SOD2, and wild-type H99 as described previously (35) . Restriction digestion, gel electrophoresis, DNA transfer, prehybridization, hybridization, and autoradiography were performed as described previously (35) . The primer pair sgSOD2OL-1 and sgSOD2OL-2 was used to generate a 754-bp probe that hybridized near the 5Ј region of the SOD2 open reading frame. A random primed DNA labeling kit (Boehringer Mannheim) and [ 32 P]dCTP (Amersham) were used to label the probe.
Superoxide dismutase activity assay. The sod2⌬ mutant strain, sod2⌬ SOD2 reconstituted strain, and wild-type strain H99 were grown in 30 ml of YPD medium at 25°C with shaking for 48 h. In preliminary experiments, we observed that C. neoformans Sod2 activity was dependent on culture age, with lysates from 48-h cultures exhibiting greater Sod2 activity than cultures incubated for 16 or 24 h. The total protein concentrations of each lysate were standardized prior to analysis; 20 g of total protein from each lysate was analyzed. Cells were collected by centrifugation and lysed by glass bead disruption as described previously (26) . A protease inhibitor (P8340; Sigma) was used to prevent degradation of the Sod2 polypeptide. Cell lysates (30 g of protein/lane) were separated by native gel electrophoresis (Criterion 10% Tris-HCl gel; Bio-Rad) and subjected to nitroblue tetrazolium staining to assay for Sod2 activity as described previously (6, 14, 26) .
Oxidative stress sensitivity. Disk diffusion assays were performed to assess the sensitivity of sod2⌬, sod2⌬ SOD2, and wild-type H99 strains to oxidative stress in vitro. The disk diffusion method has previously been used to assess antifungal drug susceptibility for C. neoformans strains (32) . All strains were grown in YPD medium at 25°C overnight with shaking and washed with sterile phosphatebuffered saline, and the concentration of cells was adjusted to an optical density at 600 nm of 0.2. Strains were grown at 25°C because, at higher temperatures, the sod2⌬ mutant strain exhibits a temperature-sensitive growth and survival defect. Each strain was diluted 1:10 in YPD agar medium that was cooled but still molten, and plates were poured and allowed to solidify. Sterile paper disks (6-mm diameter) were soaked with 10 l of 2 M paraquat (Sigma) and placed in the center of each plate. Paraquat is known to generate superoxide anions in the cytosol and mitochondria of yeast cells, which leads to the formation of reactive oxygen species. Plates were incubated at 25°C for 3 to 4 days, at which time the zones of inhibition were photographed and measured. A zone of inhibition was defined as an area of the plate that contained no growth compared to the untreated control plate. Disk diffusion assays were performed for each strain in duplicate and repeated at least three times. Results were reported as the means of the diameters of zones of inhibition Ϯ the standard errors of the means. As a control, a variation of the disk diffusion assay was performed wherein strains were struck on YPD agar plates and a sterile paper disk (6-mm diameter) soaked with 10 l of 2 M paraquat (Sigma) was placed in the center of the plate. The degree of inhibition was consistent with that of the disk diffusion assays, allowing (MidCentury Chemicals, Chicago, Ill.), MnTBAP 3Ϫ (Calbiochem), Tempol (Calbiochem), ascorbic acid (Sigma), and MnCl 2 ⅐ 4H 2 O (J. T. Baker) were purchased. YPD agar medium was supplemented with various concentrations of each antioxidant. Serial dilutions of the sod2⌬ mutant strain and wild-type strain H99 were spotted onto these plates and then incubated at 30 and 37°C.
In vivo testing. Female A/Jcr mice (20 to 24 g each; NCI/Charles River Laboratories) were used to assess the virulence of the sod2⌬ mutant strain and the sod2⌬ SOD2 reconstituted strain compared to that of wild-type strain H99. The A/Jcr cryptococcosis infection model is a well-established model that has been used extensively to assess the virulence potential of C. neoformans strains. To assess virulence, groups consisting of 10 A/Jcr mice each were infected via intranasal inhalation with 5 ϫ 10 5 CFU of each strain (in a volume of 50 l), as described previously (11) . Mice that appeared moribund (i.e., lethargic or exhibiting rapid weight loss) or in pain were humanely euthanized. To assess the ability of the sod2⌬ mutant strain to survive in vivo, five mice infected with the sod2⌬ mutant strain were sacrificed at day 38, at which time the left lung and brain were collected from each animal and homogenized and CFU determinations were performed (50 l of total organ homogenate from each animal was inoculated on YPD agar plates and incubated at 25°C). Mice were monitored twice daily. The Duke University Animal Use Committee approved the animal protocol used for these experiments. The Mann-Whitney U test was performed to evaluate survival data for statistical significance.
Nucleotide sequence accession number. The C. neoformans var. grubii SOD2 sequence has been submitted to GenBank and assigned accession number AY737799.
RESULTS

Identification of SOD2.
To identify the C. neoformans var. grubii SOD2 homolog, TBLASTN analysis of the C. neoformans serotype A strain H99 genome sequence database (Duke University C. neoformans H99 genome database, http://cneo .genetics.duke.edu/) was performed. The S. cerevisiae Sod2 protein sequence was used as the query. We identified a single 1,013-bp region in the C. neoformans genome that contained the SOD2 homolog. The open reading frame is interrupted by 6 introns and encodes a predicted protein of 234 amino acids. The C. neoformans var. grubii Sod2 protein shared significant sequence identities with other fungal Sod2's, including Cryptococcus neoformans var. gattii (95%), Cryptococcus neoformans var. neoformans (98%), Ustilago maydis (65%), Phanerochaete chrysosporium (67%), Schizosaccharomyces pombe (57%), and Aspergillus fumigatus (53%). The C. neoformans var. grubii Sod2 protein contains a characteristic SodA domain (Pfam analysis, http://www.sanger.ac.uk/Software/Pfam/) and a putative mitochondrial localization sequence (PPLPYAYDALEP), which is located at the amino terminus, immediately upstream of the mature peptide. This putative mitochondrial localization sequence was identical to the C. neoformans serotype D Sod2 amino terminus sequence reported by Tesfa-Selase and Hay (41), the predicted serotype B Sod2 mitochondrial localization sequence, and the Sod2 mitochondrial localization sequences of several other fungi, including S. pombe (19) .
Construction of sod2⌬ and sod2⌬ SOD2 mutant strains. The function of Sod2 was assessed by creating a sod2⌬ mutant strain via allele-specific homologous integration of a sod2⌬::URA5 deletion construct at the SOD2 locus. Approximately 80% of the SOD2 open reading frame was deleted.
PCR overlap (12) was performed to create a linear sod2⌬::URA5 deletion construct (Fig. 1A) , which was introduced into a ura5 auxotrophic strain H99R by biolistic transformation (42). Ten sod2⌬::URA5 mutant strains were identified by colony PCR, and one was randomly chosen for further study. The sod2⌬::URA5 strain was reconstituted following a single random ectopic integration of a linear SOD2-nat construct in the genome (Fig. 1A) . Thirty-two sod2⌬ SOD2 reconstituted strains were identified by colony PCR and phenotypic analysis. Reconstitution of the sod2⌬ strains eliminated the oxidative stress and temperature-sensitive phenotypes. One reconstituted strain (sod2⌬ SOD2) was chosen randomly for further study.
Southern blot analysis was performed to confirm that a single homologous integration of the deletion construct had occurred at the native SOD2 locus (Fig. 1B, lane 2) and that the SOD2-nat reconstitution construct integrated ectopically at a single location in the genome of the sod2⌬ SOD2 reconstituted strain (Fig. 1B, lane 3) . Genomic DNA from all strains, including wild-type strain H99, was digested with BamHI. The presence of a 4.1-kb band in lane 2 demonstrated that the majority of the native SOD2 allele was deleted in the sod2⌬ mutant strain. The presence of a single high-molecular-weight band in lane 3 indicated that a single integration event of the SOD2-nat reconstitution construct had occurred in the reconstituted strain. There is only one BamHI site in the SOD2-nat reconstitution construct. Thus, the presence of a single high-molecular-weight band demonstrated that a single random ectopic integration event had occurred. In the event that more than one ectopic integration had occurred, we would have expected to see multiple bands, because each integration event would have resulted in placement of the construct in different proximities to other BamHI restriction sites in the genome. It is highly improbable that multiple random integration events at various sites in the genome could occur within equivalent proximities to other BamHI restriction sites.
To confirm the respective loss and restoration of Sod2 function in the sod2⌬ deletion strain and the sod2⌬ SOD2 reconstituted strain, we assayed cell extracts from these strains and wild-type strain H99 for superoxide dismutase activity (Fig.  1C) , as described by Beauchamp and Fridovich (6) . The C. neoformans Sod2 is an 80-kDa enzyme that exhibits a highmolecular-weight activity by nitroblue tetrazolium staining (41) . As illustrated in Fig. 1C , the sod2⌬ mutant strain lacked the high-molecular-weight Sod2 activity, whereas the sod2⌬ SOD2 reconstituted strain and wild-type strain H99 exhibited equivalent high-molecular-weight Sod2 activities. There was no relative difference in Sod2 activity between the sod2⌬ SOD2 reconstituted strain and wild-type strain H99, as assessed by densitometry analysis. In addition, no relative differences in Sod1 activities were observed between any of the strains, suggesting that Sod1 activity was unaffected as a result of the loss of Sod2 function. These results confirmed the loss and restoration of Sod2 function in the sod2⌬ and sod2⌬ SOD2 strains, respectively.
sod2⌬ is susceptible to oxidative stress in vitro. Sod2 is an essential component of the antioxidant defense system of many eukaryotes, providing protection against oxidative stress as a result of endogenous and exogenous reactive oxygen species. A disk diffusion assay was performed to assess the susceptibility 48 GILES ET AL. EUKARYOT. CELL on October 25, 2017 by guest http://ec.asm.org/ of the sod2⌬ mutant strain to oxidative stress in vitro. In preliminary experiments, we observed that sod2⌬ strains exhibited a ts phenotype; therefore, the disk diffusion assays were performed at 25°C. We found that two independent sod2⌬ mutant strains were significantly more susceptible to paraquat (disk saturated with 10 l of 2.0 M paraquat) than wild-type strain H99 and the sod2⌬ SOD2 reconstituted strain (P Ͻ 0.001) ( Fig.  2A ). There were no significant differences between the sensitivities of wild-type strain H99 and the sod2⌬ SOD2 reconstituted strain to paraquat. As a control, cells were inoculated on solid YPD agar medium and treated with paraquat. The results of these assays were consistent with those of the earlier disk diffusion assay, demonstrating that a brief heat shock due to the immersion of cells in molten agar did not account for the increased sensitivity of the sod2⌬ mutant strains to paraquat (Fig. 2B) . Sod2 is essential for growth at 37°C. C. neoformans possesses several well-characterized phenotypes that are required for virulence, including capsule synthesis, melanin production, urease activity, and the ability to grow at 37°C (40) . The sod2⌬ mutant strain was assessed to determine whether the loss of Sod2 activity affected any of these phenotypes. We observed no difference between the sod2⌬ mutant strain and the wild-type strain H99 in terms of induction of capsule, melanin, or urease FIG. 1. Construction of sod2⌬ mutant and sod2⌬ SOD2 reconstituted strains. (A) PCR overlap was performed to create the sod2⌬::URA5 deletion construct, which consisted of two 1-kb 5Ј and 3Ј regions of genomic DNA flanking the SOD2 open reading frame and the selectable marker URA5. (B) Southern blot analysis of sod2⌬ and the sod2⌬ SOD2 reconstituted strains confirmed that a single allele-specific homologous integration of the sod2⌬::URA5 deletion construct occurred at the SOD2 locus and that the SOD2-nat reconstitution construct integrated randomly at a single location in the genome. (C) Cell extracts from strains sod2⌬, sod2⌬ SOD2, and wild-type (WT) strain H99 were electrophoresed in a 10% polyacrylamide gel, and superoxide dismutase activity was visualized as described by Beauchamp and Fridovich (6) . Strain sod2⌬ lacked Sod2 activity, whereas the sod2⌬ SOD2 strain and wild-type strain H99 exhibited Sod2 activities. One gel representative of more than five experiments performed is shown.
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on October 25, 2017 by guest http://ec.asm.org/ activity. However, the sod2⌬ mutant strain did exhibit a ts phenotype at 30°C and a more sensitive temperature sensitivity at 37°C (Fig. 3) . Reconstitution of the sod2⌬ mutant strain restored the ability of cells to grow at 30 and 37°C (Fig. 3) . The restoration of Sod2 activity and subsequent rescue of temperature sensitivity in the sod2⌬ SOD2 reconstituted strain demonstrated that the ts phenotype was due specifically to a loss of Sod2 activity and not to an unrelated secondary mutation. Antioxidant suppression of ts phenotype. Given the known function of Sod2, we predicted that the ts phenotype of the sod2⌬ mutant strain may be due to an elevation of the endogenous steady-state concentration of reactive oxygen species. To examine this possibility, we assessed whether ascorbic acid and superoxide dismutase mimics Mn salen (20) and Mn porphyrins (MnTE-2-PyP 5ϩ , MnTnBu-2-PyP 5ϩ , MnTnHex-2-PyP 5ϩ , and MnTDMOE-2-ImP 5ϩ ) could suppress the ts phenotype of the sod2⌬ mutant strain at 30 and 37°C (5) . The sod2⌬ mutant strain and wild-type strain H99 were spotted on agar plates supplemented with various concentrations of each antioxidant and incubated at 30 and 37°C. Ascorbic acid (20 mM) and Mn salen (200 M) suppressed the ts phenotype at 30°C (Fig. 4) but not at 37°C. Cells were also spotted on plates containing MnCl 2 (200 M) as a control. MnCl 2 did not suppress the ts phenotype, suggesting that the antioxidant activity of Mn salen was likely not due to the delivery of Mn to the cells. Surprisingly, the concentrations of ascorbic acid and Mn salen that suppressed the ts phenotype of the sod2⌬ mutant strain at 30°C were toxic to wild-type H99 cells at 37°C. Thus, no further testing of these compounds was done at 37°C. None of the Mn porphyrins (MnTE-2-PyP 5ϩ , MnTnBu-2-PyP 5ϩ , MnTnHex-2-PyP 5ϩ , and MnTDMOE-2-ImP 5ϩ ) suppressed the ts phenotype at 30 or 37°C. These compounds are cationic and highly charged, which may have prohibited them from gaining entry into C. neoformans cells. MnTBAP 3Ϫ was also unable to suppress the ts phenotype at 30 or 37°C, which may have been due to an inability to gain entry into C. neoformans cells or as a consequence of low catalytic potency. These results are in FIG. 2 . sod2⌬ mutants exhibited increased sensitivity to oxidative stress in vitro. (A) Two independent sod2⌬ mutant strains were significantly (P Յ 0.0001) more susceptible to paraquat (disk saturated with 10 l of 2.0 M paraquat) than wild-type (WT) strain H99 and the sod2⌬ SOD2 reconstituted strain. There was no significant difference between the sensitivities of wild-type strain H99 and the sod2⌬ SOD2 reconstituted strain. Disk diffusion assays were performed in duplicate a minimum of three times. Results were reported as the means of the diameters of zones of inhibition Ϯ the standard errors of the means. A zone of inhibition was defined as an area of the plate where no growth was observed (i.e., the agar medium remained clear). One-way analysis of variance was performed to determine statistical significance (P values of Ͻ0.05 were considered significant). (B) A modification of the disk diffusion assay was performed as a control to ensure that the oxidative stress phenotype of the sod2⌬ strain was not due to a heat shock as a result of immersion in molten agar. Strains were struck on solid YPD agar, and a sterile disk saturated with an equivalent concentration of paraquat, as used in the previous disk diffusion assay, was added to the center of one plate. An untreated plate was included as a control. The results of this assay were consistent with those of the disk diffusion assay. Results from one experiment representative of three performed are shown. *, P Ͻ 0.05 versus wild-type strain H99.
FIG. 3.
Sod2 is required for growth at 30 and 37°C. Strains sod2⌬, sod2⌬ SOD2, and wild-type (WT) H99 were serially diluted on YPD agar plates and incubated at 25, 30, and 37°C for up to 3 days. The sod2⌬ mutant strain exhibited a progressively severe ts phenotype at 30 and 37°C. The phenotype of the sod2⌬ SOD2 reconstituted strain was similar to that of wild-type strain H99.
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GILES ET AL. EUKARYOT. CELL agreement with our hypothesis that the ts phenotype occurs as a result of oxidative stress, suggesting that an important function of Sod2 is the regulation of the steady-state concentration of endogenous reactive oxygen species in response to environmental changes, such as growth at elevated temperatures. The ts phenotype is oxygen dependent. Given the previous results, we next sought a more direct method to assess whether the ts phenotype was oxygen dependent. The sod2⌬ mutant strain and wild-type strain H99 were incubated at 37°C under aerobic and anaerobic conditions for 24 h, and then the cells were shifted to 25°C and aerobic conditions. Since C. neoformans is a strict aerobe, under anaerobic conditions oxidative metabolism is arrested and Sod2 activity would be expected to be dispensable (1) . If the ts phenotype was oxygen dependent, then the viability of the sod2⌬ mutant strain following incubation at 37°C under anaerobic conditions would be expected to be identical to that of wild-type strain H99. If, however, the ts phenotype was oxygen independent, then the sod2⌬ mutant should be nonviable under both conditions. We found that the sod2⌬ mutant strain exhibited no loss of viability when incubated at 37°C under anaerobic conditions compared to wildtype strain H99. In contrast, the sod2⌬ mutant strain was nonviable following incubation at 37°C under aerobic conditions (Fig. 5) . These results demonstrated that the ts phenotype of the sod2⌬ mutant strain was oxygen dependent, suggesting that Sod2 contributes to the ability of C. neoformans to adapt to growth at elevated temperatures by regulating the steady-state concentration of endogenous reactive oxygen species.
sod2⌬ mutant strain is avirulent. Given our in vitro results, we hypothesized that the sod2⌬ mutant strain would exhibit a severe virulence defect in the murine inhalation model of cryptococcosis. To test this hypothesis 10 A/Jcr mice were infected with 5 ϫ 10 5 CFU of strain sod2⌬, sod2⌬ SOD2, or H99 (wild type) by intranasal inoculation. By days 25 and 38 of infection, all mice infected with wild-type strain H99 or strain sod2⌬ SOD2, respectively, had succumbed to infection (Fig. 6) . Five mice infected with strain sod2⌬ were sacrificed at day 38 postinfection. CFU determination was performed to assess fungal burden in the lungs and brains of these animals. We were unable to recover yeast cells from any of the organs, suggesting that by day 38 postinfection C. neoformans cells had been completely cleared from the mice. Mice infected with the sod2⌬ mutant strain survived for up to 80 days, at which point the experiment was ended. These results demonstrate a dependency between antioxidant defense and the ability to adapt to growth at 37°C, which translates into a profound affect on the virulence of C. neoformans. 
DISCUSSION
In the present study, we describe the contribution of the C. neoformans manganese superoxide dismutase (Sod2) to antioxidant defense. In yeast cells and other eukaryotes, Sod2 is a nuclear encoded polypeptide that is synthesized in the cytosol and translocated to the matrix of the mitochondria, where it complexes with manganese to form the active holo-Sod2 enzyme (26) . The role of Sod2 for antioxidant defense is best illustrated by studies of various phylogenetically diverse eukaryotes in which sod2 null mutants exhibit severe developmental defects and diminished viability (21, 23, 24, 43) . Consistent with the results of these studies, in the present study, we demonstrate that C. neoformans Sod2 is an essential component of the antioxidant defense system and that loss of Sod2 function has deleterious consequences for cell viability. In addition, we provide the first demonstration of a mechanistic relationship between the antioxidant activity of Sod2 and the ability of C. neoformans to adapt to growth at elevated temperatures.
Several lines of evidence support a role for Sod2 in mitochondrial antioxidant defense: (i) the C. neoformans Sod2 amino acid sequence contains a highly conserved mitochondrial targeting sequence, (ii) the superoxide dismutase domain of C. neoformans Sod2 exhibits a high degree of conservation with Sod2's from other eukaryotes, and (iii) the C. neoformans sod2⌬ mutant strains exhibit phenotypes that are consistent with diminished mitochondrial function. Furthermore, it has been demonstrated that in yeast cells, apo-Sod2 must be transported into the mitochondrial matrix before it can complex with the manganese cofactor, which results in the formation of the active form of the enzyme, holo-Sod2. Given these facts, it is reasonable to assume that Sod2 is an essential component of the C. neoformans mitochondrial antioxidant defense system, which is consistent with what is known about the function of Sod2 in many other eukaryotes.
The observation that ascorbic acid and Mn salen, which is a superoxide dismutase mimic, suppressed the ts phenotype provided the initial evidence that the ts phenotype was oxygen dependent. In the mitochondria, Mn salen may function either as an Mn complex or as the Mn hexaqua ion, Mn(H 2 O) 6 2ϩ . Although Mn salen may function as a metal transporter, shuttling manganese into the mitochondria, our results suggested that the superoxide dismutase activity of Mn salen accounted for its ability to suppress the ts phenotype because MnCl 2 alone did not suppress the ts phenotype of sod2⌬ mutants at 30°C. The inability of the cationic Mn porphyrins and MnT-BAP 3Ϫ to suppress the ts phenotype at 30°C may be related to the charge of these compounds, which could prevent them from entering the mitochondria of C. neoformans. The failure of nitroxide Tempol to suppress the ts phenotype may be ascribed to the very low k cat for O 2 · Ϫ dismutation of nitroxides (16) . Only very high doses of Tempol have been reported to produce antioxidant affects (17) . The inhibitory activities of Mn salen and ascorbic acid for wild-type strain H99 at 37°C could be due to an elevation of superoxide levels in the cell, which can occur when oxygen is reduced by the reduced forms of ascorbic acid (38) and the Mn compounds (7, 38) . In addition, Mn(III) salen can reportedly undergo oxidation with H 2 O 2 and ONOO Ϫ resulting in OϭMn V Salen formation, which is a strong oxidant (36) . Direct evidence of the oxygen dependency of the ts phenotype was provided by demonstrating that sod2⌬ cells incubated at 37°C under anaerobic conditions did not exhibit reduced viability when shifted to aerobic conditions at 25°C, whereas sod2⌬ cells incubated under aerobic conditions exhibited a complete loss of viability. Taken together, these results demonstrated convincingly that the ts phenotype was oxygen dependent and that the antioxidant activity of Sod2 is essential for cells to adapt to growth at elevated temperatures.
Of the known fungi, only a small fraction cause morbidity and mortality in humans and other animals. A requisite characteristic of pathogenic fungi is the ability to grow at 37°C. For some fungal pathogens, such as Blastomyces dermatitidis and Histoplasma capsulatum, a shift from 25 to 37°C triggers a transformation from an infectious form to a pathogenic form (27, 28) . The mechanisms involved in this transformation process and the ability to grow at elevated temperatures are poorly understood. Presently, only approximately a dozen C. neoformans genes have been identified that are associated with high temperature growth, with very few understood at the mechanistic level. The results of this study provide the first description of a mechanistic relationship between antioxidant defense and adaptation to growth at 37°C. One interpretation of our results is that Sod2 permits C. neoformans to grow at 37°C by regulating the steady-state concentration of reactive oxygen species in the mitochondria. In the absence of Sod2, we would expect to observe an elevation in the endogenous steady-state concentration of reactive oxygen species, resulting in oxidative damage to macromolecular structures in the mitochondria, such as mDNA, proteins, and lipids. In a previous study, we reported that a C. neoformans var. grubii copper zinc superoxide dismutase null mutant (sod1) exhibited a modest oxidative stress phenotype and a small reduction in its virulence potential (11) . In contrast to these results, Sod2 appears to have a much more essential function for C. neoformans. The sod2⌬ mutant exhibited oxidative stress and ts phenotypes that were not exhibited by the sod1 mutant, and it was completely avirulent in our murine infection model. We believe that these differences are due to the important antioxidant function of Sod2 in the mitochondrial matrix and highlight the importance of mitochondrial health for C. neoformans viability.
Although the avirulent phenotype of the sod2⌬ mutant was not surprising, virulence studies were necessary to rule out the possibility that conditions within the host environment may suppress the oxidative or ts phenotypes, resulting in infection or disease. Previous studies have demonstrated that the C. neoformans calcineurin mutant exhibits a similar ts phenotype in vitro and is avirulent in an animal model of cryptococcal meningitis (31) . Despite this severe ts phenotype in vitro, the calcineurin mutant can be recovered from the organs of infected mice up to 2 weeks postinfection, suggesting that although the mutant does not cause disease, it can establish an infection. These results suggest that under some circumstances host conditions can suppress phenotypes in vivo that would otherwise be severe in vitro. Thus, virulence studies are warranted for mutants even in cases in which severe in vitro phenotypes are observed.
The evolution of the C. neoformans antioxidant defense system was likely influenced by a number of factors, including the necessity to regulate the steady-state concentration of endogenous reactive oxygen species and a need to respond to changes in environmental conditions. The three C. neoformans varieties are found in a diverse number of ecological niches ranging from pigeon guano to trees. The association of C. neoformans with certain trees is of particular interest given that trees, like other plants, utilize oxygen-dependent mechanisms to provide protection against invasion by pathogenic microorganisms (8) . Several studies have reported the isolation of C. neoformans varieties in association with trees, including Eucalyptus camaldulensis, Butea monosperma, Syzygium cumini, Ficus religiosa, and Tamarindus indica, and other plant material (10, 30, 33, 34 ). Although C. neoformans var. grubii has historically been less frequently isolated from trees than the other varieties, particularly C. neoformans var. gattii, Nishikawa et al. were able to isolate C. neoformans var. grubii from the hollows of jungle trees in the Amazon forest of Brazil, suggesting that the generally accepted ecological niche of this serotype should be extended to include jungle trees (30) . Given the association between some C. neoformans varieties and plants and the ability of plants to utilize oxygen-dependent mechanisms as a component of host defense against pathogenic microorganisms (8) , an intriguing possibility is that plant-C. neoformans interactions might have influenced the evolution of the C. neoformans antioxidant defense system.
The results of this study demonstrate a weak point in the antioxidant system of C. neoformans that possibly could be exploited. Most of the present antioxidant targets have a modest impact on the virulence of C. neoformans. However, Sod2 is a possible fungicidal target because of its specific link to antioxidant defense and its added functional implications in high temperature growth. There is a tremendous amount of sequence conservation among the C. neoformans varieties, suggesting that Sod2 possesses an evolutionarily conserved function for C. neoformans. If inhibitors can be identified that are specific for the C. neoformans SOD2 regulatory pathway, then Sod2 could be an excellent target for antifungal drug development.
